Background and Purpose: There is substantial clinical, pathological, and experimental evidence that hypertension aggravates atherosclerosis of the extracranial vessels. The present study assesses the effects of hypertension on the development of cerebral atherosclerosis in nonhuman primates fed an atherogenic diet.
ceived the same diet but without added cholesterol or butter.
Hypertension was produced by surgically coarcting the aorta as described previously.6 A 1-cm segment of the thoracic aorta at a level just below the hilum of the left lung was narrowed to a luminal diameter of 2.0 to 2.5 mm using surgical callipers and a Casteneda (Pilling Instruments, Fort Washington, Pa) partial occlusion vascular clamp. A supporting band of umbilical tape was then drawn around the coarcted segment and sutured without further constriction of the vessel. The luminal narrowing of the aorta resulted in a decrease in luminal area of about 75% to 85% from normal as indicated by the autopsy findings. During the immediate 3-week postoperative period, the animals were given enalapril, digoxin, and hydrochlorothiazide to prevent heart failure. After this interval, all drugs were discontinued and the animals were placed on the hypercholesterolemic diet for 12 months.
Before feeding the experimental diet, all animals were maintained on Purina monkey chow. During this baseline period and at 2 to 3-month intervals throughout the experimental period, measurements of body weight, blood pressure, plasma cholesterol,23 triglycerides,24 and high-density lipoprotein (HDL) cholesterol25 were made. Routine blood analyses also were performed with an autoanalyzer and included sodium, potassium, sugar, blood urea nitrogen, creatinine, and calcium. Collection of venous blood for chemical analyses and measurements of blood pressure were made under sedation with ketamine HCL (10 mg/kg IM) after an 18 to 24-hour fast. 26 For measurement of HDL cholesterol, fasting blood specimens were collected in tubes containing EDTA (disodium ethylenediamine tetracetic acid, 1 mg/mL). HDL cholesterol was isolated at a density of 1.210 to 1.063 g/mL by differential density ultracentrifugation, after which the cholesterol contained in this fraction was measured. 27 The blood pressure in the brachial artery was monitored indirectly by the ultrasonic cuff method weekly in the postoperative period and then at intervals of 2 months with the use of the Arteriosonde. 22 Direct measurements of the intra-arterial pressure in the brachial and femoral arteries also were performed on the day of the surgical coarctation and at 3 and 12 months after the surgery. After exposing and cannulating the brachial and femoral arteries, the arterial pressure in these arteries was simultaneously measured with strain gauge transducers attached to a Beckman dynograph recorder. Direct measurements of brachial arterial pressure tended to be higher than the indirect measurements. Both measurements were used to assess changes of blood pressure.
At the end of the experiment, the animals were sedated with ketamine HCL and then given an overdose of sodium pentobarbital. Histological and morphometric examinations of the cerebral vessels were performed in 10 animals of each group. In six animals of each group, the cerebral vessels were analyzed biochemically.
For histological and morphometric examination of the cerebral arteries, the brain was perfused in situ through the carotid arteries at a controlled physiological pressure with 10% neutral buffered formalin after a brief saline flush. The brain was carefully removed, weighed, and inspected for gross evidence of cerebral edema, hemorrhage, and infarction. The vertebral and basilar arteries and the circle of Willis and its branches were inspected for gross atherosclerosis in situ and after dissection and removal from the brain. In addition, the smaller pial and penetrating branches of these vessels were examined for disease. The number and location of gross lesions were mapped for each animal.
Tissue blocks 3 mm in length were taken from the grossly involved segments of the cerebral arteries as well as from standard sites of the arteries. These sites included the distal vertebral arteries as they form the basilar artery; the proximal, middle, and distal segments of the basilar artery; the midportions of the proximal anterior cerebral and posterior communicating branches; and the proximal segments of the anterior, middle, and posterior cerebral arteries. The blocks were embedded in carbowax, and sequential sections were cut at 4-,um thickness and stained with hematoxylin and eosin, oil red 0 for lipid, van Gieson's for collagen fibers, Verhoefis for elastic tissue, and colloidal iron or toluidine blue for glycosaminoglycans as previously described. 26 Lesion severity was graded histologically from 0 to 4: grade 0, no lesion; grade 1, fatty streak; grade 2, fibrofatty plaque; grade 3, atheromatous plaque; and grade 4, complicated plaque.
Morphometric measurements were performed on the histological cross sections with a Zeiss MOP III Image Analyzer. These measurements included vessel size, lesion size, luminal area, and medial area. The images were projected, and areas were defined with a cursor and digitized to square millimeters.
The size of the vessel was defined as the area enclosed by the junction of the adventitia and media. Lesion size or intimal area was determined by digitizing the area between the internal elastic membrane and the luminal surface of the artery. The luminal area was calculated by subtracting the intimal area from the area within the internal elastic membrane. The medial area was determined from the differences between the areas enclosed by the junction of the adventitia and the media and the internal elastic membrane. Percent stenosis was calculated from the ratio of lesion area to the area enclosed by the internal elastic membrane.
For biochemical analyses, perfusion fixation of the arteries was omitted. The brain was removed, inspected, and mapped for gross lesions and atherosclerosis as described above. An anatomically defined block of cerebral arteries was dissected from the base of the brain. The block included the intact distal vertebral artery (1 cm), the entire basilar artery, the two posterior communicating arteries, and 1 cm of the proximal portions of the proximal anterior, middle, and posterior cerebral arteries. It should be noted that the anatomy of the cerebral arteries of the cynomolgus monkey is similar to that described in humans except that the monkey has only one main anterior cerebral artery and the posterior inferior cerebellar arteries of the animal arise from the basilar artery instead of the vertebral arteries (Fig 1) . After measurement of wet weight, the vessels were analyzed for free and esterified cholesterol, collagen, and elastin, as previously described.27'28
The arterial tissue was minced, freeze-dried to a constant weight, and subsequently extracted with chlo- 
Results
The clinical measurements were averaged for each animal over the duration of the study and are shown in Table 1 .
In the Hyp-Athero group, the systolic, diastolic, and mean brachial arterial pressure increased gradually after the surgical coarctation and appeared to reach a maximal level 3 weeks after surgery. The hypertension was sustained throughout the study. In addition to the blood pressure, the heart weight and heart weight to body weight ratio were significantly higher in the HypAthero group than in the normal and Athero groups.
The body weights of the control and experimental groups were not significantly different and averaged about 5.4 to 5.6 kg during the study. The hyperlipemic diet produced comparable changes of the plasma lipids in the Athero and Hyp-Athero groups. These changes included significant increases in plasma cholesterol and decreases in HDL cholesterol without a change in plasma triglycerides. The ratio of total cholesterol to HDL cholesterol in the Athero and Hyp-Athero groups, not significantly different from each other, was significantly higher relative to the normal control group. Body weight and values for blood sugar, sodium, potassium, calcium, and hematocrit did not differ significantly among the three groups.
The cerebral arteries of the normal control animals appeared uniformly translucent and showed no gross lesions (Tables 2 and 3 ). In 5 of 16 animals of the Athero group, grossly visible lesions of the cerebral arteries were observed. The lesions were generally focal and involved one to three vessels per animal, mainly at vessel bifurcations.
All of the animals in the Hyp-Athero group except one were found to have grossly visible lesions of the major cerebral arteries. The number of vessels involved averaged about eight vessels per animal and showed a positive relation with the severity of hypertension (P<.05). The lesions were both focal and diffuse, with the focal lesions occurring at the bifurcations or branch orifices of the vessels (Fig 2) . The most frequently involved vessels were the basilar, anterior cerebral, and posterior communicating arteries ( Table 3) . The focal lesions, especially of the basilar artery, often appeared to produce a localized enlargement or dilation of the vessel resembling an aneurysm (Fig 2) . The distal segments and branches of the cerebral arteries, including their penetrating branches, also showed visible lesions. When examined histologically, the grossly involved segments of the cerebral arteries contained a whole spectrum of lesions that included fatty streaks, fibrofatty plaques, and complicated and uncomplicated fibrous plaques (Table 3 ). The segments of the cerebral arteries that appeared grossly normal usually showed no atherosclerotic lesions. When present, the lesions were much smaller and less advanced than those of the grossly involved segment.
The lesions in the Athero group were generally mild and consisted mainly of foam cells, which is characteristic of fatty streaks. The lesions in the Hyp-Athero group were much more severe than those of the Athero group and resulted in significant luminal narrowing and occlusion of vessels, and a number of these appeared to be vascularized by an ingrowth of capillaries. Some of these capillaries showed evidence of previous blood leakage, as indicated by the presence of hemosiderin granules in the lesions (Fig 3, left) . Although the majority of lesions were confined to the intima, many advanced lesions also extended into the media and contained many inflammatory cells consisting mainly of mononuclear cells (Fig 3, right) . Smaller numbers of mononuclear cells also were seen in early lesions. The lesions of animals with severe hypertension appeared to show more fibrotic and atheromatous changes and to contain more extracellular lipid, sterol clefts, and mineral deposits than the lesions of animals with milder hypertension.
The small and large branches of the major cerebral arteries of the Hyp-Athero group showed changes that resembled those of the main vessels. The disease of the penetrating and pial vessels was often severe and resulted in marked luminal narrowing (Fig 4) . Branch lesions were not observed in the Athero group. Table 4 summarizes the morphometric findings in the cerebral arteries. The size of the cerebral arteries in the Athero group was not significantly different from that of the normal group, whereas increases in vessel size occurred in the Hyp-Athero group. The basilar artery showed the greatest increase in vessel size, an average 71% greater than that of the normal basilar artery. The increase in size of the other vessels averaged between 18% and 31%. The relation of vessel size to lesion size was not significant except for the basilar artery, which increased in size as lesion size increased. pertension. In addition to hypertension, neurohumoral factors including renin and angiotensin may play a role in atherosclerosis.6,22
The extent and severity of cerebral atherosclerosis were significantly related to the level of blood pressure. These findings could provide an explanation for the observations in humans that the frequency of atherothrombotic stroke is directly related to the severity of hypertension.2' Although hypertension has been shown to be the most common and most important risk factor in cerebral vascular disease in humans, there is no experimental evidence that hypertension alone can cause cerebral atherosclerosis.7 These findings suggest that hypertension may contribute to risk by accelerating the course of preexisting cerebral atherosclerosis.
The induction of cerebral atherosclerosis was associated with increases in plasma total cholesterol and decreases in HDL cholesterol. Low levels of HDL cholesterol have been reported to be a significant risk factor in humans for cerebrovascular disease as well as coronary disease.35 However, it has not been established that plasma cholesterol and LDL cholesterol, which are major risk factors for coronary heart disease, are important factors in cerebrovascular disease. Recent studies suggest that plasma lipoprotein (a), a known risk factor for coronary disease, may have a similar role in cerebrovascular disease. 36 The atherosclerotic response of the cerebral arteries to the hyperlipemic diet in normotensive animals was mild and inconsistent compared with that observed in the coronary, carotid, and aortic vessels.26 However, in the presence of hypertension, the hyperlipemic diet appeared to have a striking effect on the development of cerebral atherosclerosis. These findings are consistent with population studies that indicate that hyperlipidemia in the absence of hypertension has a weak influence on cerebral vascular disease and a strong affect on coronary heart disease. 21 The morphological and functional characteristics of the blood vessels might explain the differences in susceptibility of the cerebral arteries and other vessels to atherosclerosis. The cerebral vessels have been shown to contain tight endothelial junctions that may constitute a barrier to the passage of circulating macromolecules into the vessel wall.37'38 An absence or low rate of transendothelial transport by pinocytosis also may act as a permeability barrier. 37 In support of these findings are tracer studies that indicate that the cerebral vessels are much less permeable to macromolecules than are the coronary arteries and other vessels. 38 The cerebral arteries have been described to have a thick subendothelial basement membrane and internal elastic membrane that also might operate to reduce vascular permeability.8 The importance of vascular permeability in influencing susceptibility to atherosclerosis has been examined in the rabbit.39 In these studies, cholesterol feeding was found to enhance the permeability of the coronary and aortic vessels without altering the permeability of the cerebral arteries. Prolonged feeding of the atherogenic diet resulted in atherosclerosis of the coronary and aortic vessels but not of the cerebral arteries. The endothelium of the cerebral arteries of the rabbit as well as the cynomolgus monkey, unlike that of the aorta, coronary, and carotid arteries, appears to lack a surface coat or glycocalyx, as revealed by conconavalin A reactivity.40 It has been suggested that the glycocalyx might influence susceptibility to atherosclerosis because of its lipoprotein lipase activity. 40 The pathological changes in the experimental lesions closely resembled those described in humans with cerebral atherosclerosis.34,41 The lesions were more frequent and severe in hypertensive animals than in normotensive animals and caused significant luminal narrowing. The biochemical changes in the arteries were consistent with these findings and indicated a marked effect of hypertension on the cholesteryl ester and collagen content of the vessels. The intima appeared to be involved primarily in the early stages of atherosclerosis, whereas both the intima and the media were frequently involved in advanced disease. Inflammatory cells consisting mainly of mononuclear cells were demonstrable in early and late lesions. Similar cells have been described in human atherosclerotic lesions and have been identified largely as macrophages and T lymphocytes. 42 In hypertensive animals, atherosclerosis of the large vessels was often accompanied by severe disease of their small pial and penetrating branches. The pathological changes in these small vessels closely resembled those of the large vessels, with most of the examined vessels showing marked luminal narrowing or occlusion. In normotensive animals, small vessel disease was not observed. Similar findings have been reported in humans with cerebral atherosclerosis. 43 Fisher has demonstrated that in the presence of hypertension, the penetrating vessels are subject to atheromatous narrowing at their origin or to lipohyalinotic thickening along their course. 44 Occlusion of these vessels may cause small infarctions or lacunes and result in neurological defects and stroke.
The morphometric responses of the cerebral arteries to atherosclerosis also appeared similar to those described in humans. 34, 41 The size of the involved cerebral arteries either did not change or increased compared with the arteries of normal control animals. The predominant response of the basilar artery to atherosclerotic involvement was an increase in vessel size, whereas the response appeared more variable in the other cerebral vessels.
In vessels that showed enlargement, vessel size appeared to be related to lesion size. The increase in vessel diameter might operate to prevent luminal narrowing by the lesion, since vessel size increased as lesion size increased without a reduction in luminal area. However, in many of the involved vessels, the enlargement did not appear to be sufficient to prevent decreases in luminal area by the lesion. In contrast to the enlarged vessel, the atherosclerotic vessel that did not change in size showed decreases in luminal area that corresponded to increases in lesion size. The lesions of these vessels were smaller than those of the enlarged vessel but they produced more luminal narrowing, suggesting that vessel enlargement may protect against atherosclerotic luminal narrowing and its complications.
The morphometric responses of the cerebral arteries were similar to those reported for the atherosclerotic coronary, carotid, and peripheral vessels of the cynomolgus monkey.45 48 However, the changes of the latter vessels were more uniform, with vessel and lesion size increasing without reduction in luminal area. Thus, luminal narrowing and occlusion were observed much more frequently in the cerebral vessels than in the extracranial vessels. These changes in the cerebral arteries appear to increase the risk of cerebral infarction and stroke.49
